The amount of human immunodeficiency virus (HIV) type 1 RNA and the presence of a codon 215 mutation indicative of zidovudine resistance were evaluated in cerebrospinal fluid (CSF) and plasma obtained from HIV-1-infected children. The level of HIV-1 RNA in CSF was highest in children with severe encephalopathy (n = 25; median, 430 copies/mL; range, 0-2.2 X 10 5 copies/ mL) followed by the moderately encephalopathic (n = 7; median, 330; range, 0-1130) and nonencephalopathic groups (n = 9; median, 0; range, 0-566) (P = .007). There was no correlation between CSF and plasma HIV-1 RNA levels. Five of 7 children with the codon 215 mutation in CSF had a progression of encephalopathy, while all 8 children with wild type codon 215 had improved or stable disease during zidovudine treatment (P = .007). These findings suggest that increased viral replication and emergence of drug-resistant HIV-1 variants within the central nervous system may playa role in progression of HIV encephalopathy.
The amount of human immunodeficiency virus (HIV) type 1 RNA and the presence of a codon 215 mutation indicative of zidovudine resistance were evaluated in cerebrospinal fluid (CSF) and plasma obtained from HIV-1-infected children. The level of HIV-1 RNA in CSF was highest in children with severe encephalopathy (n = 25; median, 430 copies/mL; range, 0-2.2 X 10 5 copies/ mL) followed by the moderately encephalopathic (n = 7; median, 330; range, 0-1130) and nonencephalopathic groups (n = 9; median, 0; range, 0-566) (P = .007). There was no correlation between CSF and plasma HIV-1 RNA levels. Five of 7 children with the codon 215 mutation in CSF had a progression of encephalopathy, while all 8 children with wild type codon 215 had improved or stable disease during zidovudine treatment (P = .007). These findings suggest that increased viral replication and emergence of drug-resistant HIV-1 variants within the central nervous system may playa role in progression of HIV encephalopathy.
Human immunodeficiency virus (HIV) type I-associated encephalopathy, or HIV encephalopathy, is a syndrome that includes motor and cognitive dysfunction, seen especially in patients with advanced HIV disease [1] [2] [3] . These HIV-1-induced neurologic consequences may be more frequent in children, few of whom have other confounding central nervous system (CNS) opportunistic conditions compared with adult patients with AIDS [4, 5] . HIV-1 has been detected in brain tissues and cerebrospinal fluid (CSF) obtained from patients with AIDS, especially those with HIV encephalopathy [6] [7] [8] [9] . Although the precise mechanisms remain uncertain, mounting evidence suggests that active HIV-1 infection of macrophages or microglia within the CNS may induce neurovirulent conditions, resulting in neurologic disturbance and neuronal death [10] [11] [12] .
Administration of zidovudine has been shown to be beneficial in treating persons with HIV encephalopathy [13 -16] . Dramatic improvement in performance scores and brain computed tomographic (CT) findings has been demonstrated in HIV-encephalopathic children who received zidovudine [17] [18] [19] . While the concentration of zidovudine in CSF is~25% of the plasma concentration under steady-state conditions [20] , other nucleoside reverse transcriptase inhibitors have a lower CNS penetration [21, 22] , and this may account in part for the variable neurologic responses in patients treated with such agents [23] . Even though zidovudine may effectively reverse or improve neurologic symptoms of HIV encephalopathy, its effect can be transient [24, 25] . The onset of CNS symptoms may be a part of progressive HIV disease that can be associated with an increasing virus burden in peripheral blood [26] . It is, however, unclear whether the level of viral replication within CNS is also up-regulated in patients with HIV encephalopathy.
In the current study, we evaluated the amount of HIV-I RNA and presence ofthe mutation conferring viral resistance to zidovudine in CSF and plasma obtained from HIV-I-infected children with or without encephalopathy. We also examined whether the presence of zidovudine-resistant HIV-I in CSF affected the neurologic outcome during treatment with zidovudine.
Methods
Patients and clinical specimens. Lumbar punctures were done in selected children referred to the Pediatric Branch, National Cancer Institute, between October 1990 and September 1995, to determine their eligibility for various clinical protocols or as a part of follow-up studies associated with protocols. Patients with acute onset of neurologic symptoms, who required CSF examination, were excluded from this study. The state of the immune function at the time of lumbar puncture was classified according to the CDC classification system [27] .
CSF was collected under a normal sterile procedure, and an aliquot was sent for routine laboratory testing. The cellular component was removed from the remaining CSF by centrifugation at 900 g for 15 min, and CSF was stored at -70°C until used for viral RNA analyses and evaluation of HIV-1 p24 antigen level. Plasma samples were processed from anticoagulated whole blood specimens obtained within 1 week of lumbar punctures (within 24 h in the majority of cases) and subjected to the same virologic analyses as the CSF.
Neurologic assessment. Evidence of HIV encephalopathy was assessed by clinical history, age-appropriate comprehensive neuropsychometric test, and brain CT. The median time of the tests in relation to lumbar puncture was -6 days (6 days before lumbar puncture; range, -86 to +6). The age-appropriate comprehensive neuropsychometric tests used in this study included the Bayley scales of infant development for infants ranging in age from 2 to 30 months [28] , the McCarthy scales of children's abilities for children 30 months to 6 years of age [29] , and the Wechsler intelligence scale for children-revised for children older than 6 years [30] . These tests generate a composite score of general cognitive functioning based on the child's performance in various domains. The scores are normalized to facilitate a comparison among different age groups [31] . Based on the neuropsychometric scores, each patient's CNS status at the time of lumbar puncture was classified as either severely encephalopathic (composite score <70), moderately encephalopathic (70~composite score <85, or composite score >85 but significant decline of> 15 points from the previous testing), or no encephalopathy (composite score ;:;?=85). In a cohort of patients, the follow-up neuropsychometric testing was done~6 months after the lumbar puncture using the same test instrument. Changes of neurocognitive function were documented as an improvement (increase of >7 points), no change (increase or decline of <7 points), or a worsening performance (decline of >7 points).
Brain CT scans were evaluated for the presence and severity of brain atrophy (both ventricular and sulcal enlargement), calcifications, and white matter abnormalities using a previously described analog rating scale method [32] . None of the patients studied had abnormal brain lesions indicative of opportunistic infection or neoplastic processes.
Quantitation ofviral RNA and HIV-l p24 antigen. Viral RNA was extracted from pelleted virus obtained by ultracentrifugation of CSF or plasma at 44,000 g for 1 h at 4°C and subjected to reverse transcription (RT) as previously described [33] . The RT mixture (cDNA) was subjected to 30 cycles of gene amplification by polymerase chain reaction (PCR) using a DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, CT) in the PCR working buffer containing 50 roM KCI, 10 mM TRIS HCI, 3 mM MgClz, 0.5 f.1M oligonucleotide primer pair, 200 f.1M dATP, dGTP, dTTP, and dCTP, and 2.5 U of Taq polymerase. Oligonucleotide primer pairs used in this study included SK38/39 for HIV -1 PCR and RAG 3/ 4 for exogenously added RNA used as a control for RT-PCR [33] . The amplification products generated by SK 38/39 were visualized by solution hybridization with a 32P-Iabeledprobe, SK 19, analyzed on an 8% polyacrylamide gel. The image on the gel was analyzed by Phosphorimager (Molecular Dynamics, Sunnyvale, CA). The PCR products amplified with RAG 3/4 were subjected to 2% agarose gel electrophoresis and stained with ethidium bromide. The copy number of HIV-1 genome in a given sample was determined from the standard curve constructed from reference DNA preparations with known copy numbers of HIV-1 DNA that were included in each PCR experiment as described [33, 34] .
HIV-1 p24 antigen levels in selected CSF samples were determined by commercially available ELISA kit (Coulter Immunology, Hialeah, FL).
Nested peR to screen the presence of mutation at codon 215 of HIV-l pol region. Presence of a mutant sequence at codon 215 of the viral pol region, indicative of zidovudine resistance, was evaluated by the nested PCR as described [35, 36] with minor modifications. A portion of viral RNA was reverse-transcribed by primer AS62 [37] , followed by the first gene amplification with primer pair of LIM [38] and AS 62, generating a 742-bp fragment of HIV-1 pol [36] . The first PCR reaction mixture contained 10 roM TRIS-HCI, 50 mM KCI, 3.0 mM MgClz, 0.5 f.1M primer pair, 200 f.1M dATP, dGTP, dTTP, and dCTP, and 2.5 U of Taq polymerase. One-tenth of the first PCR product was then subjected to the second PCR with 0.5 f.1M primer pair of primer B [35] and 215W or 215M [35] in the reaction mixture containing 10 mM TRIS-HCI, 50 mM KCI, 2.5 mM MgClz, 200 f.1M dATP, dGTP, dTTP, and dCTP, 10 f.1g/mL herring sperm DNA (Promega, Madison, WI), and 2.5 U of Taq polymerase. PCR products were subjected to 2% agarose gel electrophoresis and stained with ethidium bromide. The sequence specificity of primers was confirmed with viral copy numbers of up to 100 per reaction tube by using the above conditions [36] . Appropriate dilution of cDNA was made, in addition to adjusting concentrations of MgClz and primers, for a higher copy number range (100-10 5 ) . To ensure the optimal sensitivity and sequence specificity, known copy numbers of control HIV-l cDNA ranging from 3.3 to 10 5 were included in each assay. When both PCRs with primer B/215W and primer B/215M were positive, the result was considered mixed type and included in the mutant group in the statistical analyses.
Statistical analysis. Kruskal-Wallis test, Mann-Whitney test, and Spearman rank correlation were used for nonparametric evaluations, where applicable. Categorical variables were assessed by Fisher's exact or X 2 tests.
Results
Forty-one children, ranging in age from 6 months to 12 years (median, 2.2 years), who acquired HIV-l infection vertically (n = 36) or via blood products (n = 5), were studied. The immune function at the time of lumbar puncture was considered "severely suppressed" in 34 of 41 patients according to CDC immune classification [27] (table 1) . Neurologic condition was classified on the basis of neuropsychometric scores as noted above. Twenty-five of 41 children were considered severely encephalopathic, 7 as moderately encephalopathic, and 9 as normal (no encephalopathy) (table 1) .
Twenty-nine of 41 patients had been receiving zidovudine, as a single drug (n = 21) or in combination (n = 8), for >6
weeks at the time of the lumbar puncture. Eight of 9 patients who were receiving other antiretroviral regimens at the time of lumbar puncture had previously received zidovudine orally for various periods of time (5 weeks to 2 years; median, 9.5 months). The interval from the last exposure to zidovudine ranged from 2 months to 3 years (median, 7 months) in these 8 children. Three patients were naive to any antiretroviral treatment (table 1) . A total of 47 CSF samples were examined. All 41 patients had at least 1 CSF specimen available for the analyses. Addi- Figure 1 . Comparison of HIV-I RNA levels in CSF (A) and plasma (B) among severely encephalopathic, moderately encephalopathic, and nonencephalopathic groups. Levels of HIV-1 RNA in CSF were much higher in severely encephalopathic children followed by moderately encephalopathic and nonencephalopathic group (P = .007), whereas the plasma HIV-l RNA levels did not show a significant difference (P = .09).
I RNA copy numbers in CSF were not significantly different between severely encephalopathic versus moderately encephalopathic children (figure IA), although all 5 children who had > 10 4 copies/mL HIV-I RNA in CSF were severely encephalopathic and had a greater degree of brain atrophy assessed by CT [32] compared with encephalopathic children with < 10 4 copies/mL HIV-I RNA in CSF (mean atrophy score ± SD:
64.0 ± 16.4 vs. 34.9 ± 20.9; P = .008, Mann-Whitney test) (Brouwers P, et aI., unpublished data).
CD4 cell count. The majority of children (34/41) had severely suppressed immune function at the time of lumbar puncture. No significant correlation was found between the level of HIV-I RNA in CSF or plasma and immune status assessed by CD4 cell count or percentage or CDC immune category [27] in the cohort of patients evaluated in this study.
• CNS condition. HIV-I RNA was detected in CSF from 29 of 32 children with encephalopathy (severe and moderate combined) compared with 2 of 9 patients with no encephalopathy (P < .001, Fisher's exact test). HIV-I RNA copy numbers in CSF were significantly higher in severely encephalopathic children followed by moderately encephalopathic and nonencephalopathic children (P = .007, Kruskal-Wallis test) (figure IA). In contrast, there was no significant difference in the plasma HIV-I RNA levels among groups (P = .09, KruskalWallis test) (figure IB), nor was there significant correlation between CSF and plasma HIV-I RNA levels (r = .19, P = .31). The levels of HIV-I RNA in CSF were compared with severity of CNS dysfunction in encephalopathic children. HIVtional follow-up CSF specimens obtained a mmimum of 6 months apart were evaluated in 6 children with encephalopathy.
Twenty-eight of 41 children have died of AIDS or AIDSassociated complications to date. Of the 28 patients, complete examination of brain tissues by autopsy was permitted in 9 children who had abnormal CNS function. Median interval between the time of lumbar puncture and the autopsy was 5 months (range, 2 days to 2 years). All of these 9 children had various degrees of neuropathologic changes, including microscopic calcifications (8 cases), perivascular macrophage and/ or lymphocytic infiltration (2 cases), and microglial nodules with multinucleated giant cell formation (l case). No opportunistic infections of the CNS were documented except for I case of cytomegalovirus encephalitis.
NOTE. Unless indicated, data are no. of subjects.
* E.g., didanosine, za1citabine. CSF profiles. All of the eSF specimens were examined for total cell count and protein and glucose levels. CSF total cell count ranged from 0 to 22/mm 3 (mean ± SD, 3.1 ± 5), predominantly lymphocytes and histiocytes, with protein of 19-56 mg/dL (mean:±: SD, 25 ± 8.9) and glucose of 39-73 mg/dL (mean:±: SD, 53.7 ± 7.6). One eSF sample from a child with severe encephalopathy contained 22 cells/mrrr' (5% segmented neutrophils, 58% lymphocytes, 3% histiocytes, 9% reactive lymphocytes) with 30 mg/dL protein and 39 mg/dL glucose. The eSF samples with > 1000 HIV -1 RNA copies/ mL had higher total cell counts and higher protein concentrations and a lower level of glucose compared with the eSF specimens with < 1000 HIV -1 RNA copies/mL (mean :::' : SD: Sufficient quantities of eSF were available for HIV -1 p24 antigen testing in 17 samples. Five of 17 samples tested positive for p24 antigen and appeared to contain a higher number of HIV -1 RNA copies than found in samples negative for p24 antigen (n = 12; data not shown; P < .04, Mann-Whitney test). Eleven of the 12 eSF samples negative for p24 antigen had detectable levels of HIV-1 RNA.
Comparison of CSF HIV-l RNA Levels by Various Factors
There was no correlation between the duration of eSF storage at -70°C and the levels of HIV-1 RNA in eSF.
Antiretroviral regimen. Of 29 children who had been receiving zidovudine as a single drug or in combination with other antiretroviral agents at the time of the lumbar puncture, 3 were receiving continuous intravenous infusion ofzidovudine as a single regimen given at 480 mg/rrrvday. The remaining 26 were receiving orally administered zidovudine, with doses of 60 -180 mg/m" every 6 h. The other 12 children were either receiving single didanosine (n = 8) or zalcitabine (n = 1) therapy or were treatment-naive (n = 3). The levels of HIV-l RNA in CSF were significantly lower in children treated with zidovudine (zidovudine group) than those who were not receiving zidovudine (no-zidovudine group [including 3 treatmentnaive children]) (geometric mean:±: SD: 57 :±: 25 vs. 1943 :±: 12 copies/mL for the zidovudine group vs. the no-zidovudine group, P < .005, Mann-Whitney test), while there was no significant difference in plasma HIV -1 RNA levels between groups (1.63 X 10 5 ± 14 vs. 5.34 X 10 4 ± 8 copies/mL for the zidovudine group vs. the no-zidovudine group, respectively, P = .24, Mann-Whitney test). The similar difference in eSF HIV -1 RNA was observed even when nonencephalopathic children were excluded from the comparison (192 ± 14 vs. 1943 ± 12 copies/mL for the zidovudine group vs. the no-zidovudine group, P = .04, Mann-Whitney test), despite the fact that zidovudine-treated children appeared to have higher levels of HIV-1 RNA in plasma (6.86 X 10 5 ± 10 vs. 5.34 X 10 4 ± 8 copies/ mL for the zidovudine group vs. the no-zidovudine group, excluding nonencephalopathic children, P = .02, Mann-Whitney test). The dose of zidovudine did not have a significant impact on the level of HIV-l RNA in eSF. NOTE. Data are no. of subjects.
* Single drug or in combination.
t Didanosine or zalcitabine. All patients in this category had received orally administered zidovudine for various periods before being switched to other antiretroviral agents.
Zidovudine Resistance and Neurologic Outcome
Presence of codon 215 -mutant HIV-1 variants was assessed by the nested peR using viral RNA obtained from CSF and plasma in 32 children. The viral pol gene could be successfully amplified in 23 initial eSF samples and in 24 plasma specimens. Of these eSF and plasma specimens, 15 pairs were obtained from the same persons. The presence of mutant codon 215 corresponded between eSF and plasma in all 15 paired specimens (follow-up specimens not included, see below; P = .002, Fisher's exact test). The use of zidovudine at the time of lumbar puncture was significantly associated with the presence of codon 2I5-mutant HIV-l variant in plasma (P = .03, Fisher's exact test) (table 2). eSF showed a similar but less significant trend (P = .07, Fisher's exact test) (table 2). The detection frequency of mutant HIV -1 in CSF was comparable between severely and moderately encephalopathic children.
The presence of the codon 215 mutation and the subsequent neurologic changes were compared in 15 of 22 children with encephalopathy who had follow-up assessments done~6 months after the lumbar puncture. Thirteen of the 15 children had neurocognitive function retested with the same insuument. Two other children, who died before reaching the 6-month follow-up visit, had clinical evidence of deterioration or improvement. Two of the 15 children were previously untreated patients and were placed on orally administered zidovudine treatment. The other 13 patients, who had been receiving oral zidovudine, were switched to a continuous infusion of zidovudine after the lumbar puncture because of declining neuropsychometric testing scores despite oral treatment with zidovudine. Nested peR demonstrated that 7 of the 9 children who had improved neuropsychometric testing scores had wild type co-don 215 (suggestive of a zidovudine-sensitive strain) in CSF and 2 had mutant type (suggestive of zidovudine-resistant variants). All 5 children who showed evidence of neurologic deterioration with further declining testing scores or clinical progression had the codon 215 mutant in eSF, and 1 other patient who had stable CNS status had wild type. Thus, the progression of encephalopathy during zidovudine treatment, regardless of its route of administration, was significantly associated with the presence of mutant codon 215 in eSF specimens (P =
Follow-Up CSF Evaluation in Selected Patients
Second eSF specimens were obtained from 6 children with severe encephalopathy after 6 -16 months of treatment with continuous infusion of zidovudine. Paired plasma samples were available from 5 of the 6 patients. The downward trend in HIV-1 RNA copy numbers in CSF (-2.176 to -0.192 loglO) was found in 4 patients, 3 of whom had increases in neuropsychometric testing scores of 6-20. However, there was no direct correlation between the degree of HIV-1 RNA reduction and improvement in the scores. Two other children who had an upward trend in HIV-1 RNA in eSF, 0.33 and 2.049 IOglO, had small increases in test scores and no changes, respectively. Log changes in number of HIV-1 RNA copies in plasma appeared to correlate with those in CSF although it did not reach statistical significance, probably because of the small number of patients examined (data not shown). Mutational analysis at codon 215 in the first and second paired CSF and plasma specimens showed consistent results in all but 1 patient. This patient, who was treatment-naive, initially had wild type in both eSF and plasma but was found to have mutant codon 215 virus in CSF while maintaining wild type in plasma at the second lumbar puncture 6 months later. The second neuropsychometric testing did not show a significant improvement (only a small upward trend of up to 6 points) in this case.
Discussion
The pathogenesis of HIV encephalopathy has been the subject of intense research since the syndrome was first recognized more than a decade ago [39] . Although the HIV-1 genome can be identified in the brains of HIV-encephalopathic patients, the role of HIV-1 infection itself remains unclear. We have previously shown that the amounts of provirus found in brain tissues of HIV-encephalopathic patients are much higher than in brains of nonencephalopathic AIDS patients, while the levels ofproviral DNA in lymph nodes and spleen may be comparable in patients with and without evidence of encephalopathy [36] . Moreover, the provirus found in brains from HIV-encephalopathic patients contained pol gene mutations that could potentially confer resistance to the drugs they had been receiving [36] . The data suggested that resistance to antiviral drugs could permit active viral replication within the eNS, contributing to the development of HIV-induced neurologic manifestations. However, these observations were based on measurement of HIV-1 provirus rather than RNA and therefore did not directly demonstrate an active state of viral replication.
In the current study, we showed that HIV-1 RNA is more frequently detected in CSF from children who had abnormal CNS function than from those who did not. Although we could not definitively exclude the presence of other confounding opportunistic infections in most cases, the clinical and laboratory profile ofthese encephalopathic patients is consistent with HIV-I-induced eNS dysfunction (HIV encephalopathy). It is notable that there was no significant difference in the level of plasma HIV-1 RNA between encephalopathic versus nonencephalopathic children. This is consistent with our previous observation [36] and suggests that the virus turnover within the CNS may be independent of that in peripheral blood, at least at the late stage of the disease.
Although the children with the highest CSF HIV -1 RNA copy numbers (> I0 4/mL) had severe neurocognitive deficits and cortical atrophy, there was no statistically significant difference in HIV -1 RNA levels in eSF between severely encephalopathic and moderately encephalopathic children, nor was there a direct relationship between neurocognitive testing scores and HIV-1 RNA copy numbers in CSF. These data strongly suggest that the presence of active viral replication may be crucial for development of HIV encephalopathy, but the quantity of the virus per se may not be a sole determining factor for subsequent pathophysiologic changes in brain. It has been suggested that the neuron damage or depletion occurring in HIV encephalopathy is caused by neurotoxic factors rather than reflecting direct killing of neurons by HIV-1. The predominant targets of HIV-1 infection within the CNS are macrophages and microglia, while very little infection is noted in neurons, astrocytes, and oligodendrocytes. Indeed, potential neurotoxicity by virus-encoded proteins [40] or cytokines and other cell-derived proteins, including tumor necrosis factor-a [41] , arachidonic metabolites [42] , nitric oxide [43] , quinolinic acid [44] , or plateletactivating factor [45] , has been extensively investigated in vitro or in vivo. It is also possible that some of the virus strains may be more neuroviru1ent than others or that there may be differential host susceptibilities to viral infection within the CNS. These neurotoxic factors, neurovirulent viral phenotype, and/or host susceptibilities may have contributed to the severe degree of CNS dysfunction in children who were severely encephalopathic but had low levels of HIV-l RNA in CSF.
In this study, lower HIV-I RNA copy numbers in CSF were observed with zidovudine compared with other dideoxynucleoside analogues (didanosine or zalcitabine) or no treatment, while there was no difference in plasma HIV -1 RNA levels. This may be related to the differential CNS penetration profiles between zidovudine and other dideoxynucleoside agents. Poor CNS penetration by certain antiretroviral agents may fail to impede viral replication in the CNS, even though the replication is suppressed in the systemic circulation. If the achievable drug concentration in CNS is suboptimal, resistant virus may emerge in the CNS sooner than in peripheral blood. Thus, it is possible that the dynamics of viral replication can be separated between the CNS versus the systemic compartment, depending on the selection of antiretroviral regimen.
We demonstrated that the presence of the codon 215 mutation in CSF and plasma was associated with poor neurologic outcome with zidovudine treatment. Although the presence of other mutations within the pol region was not evaluated in our study, it is highly possible that children who had the codon 215 mutation harbored zidovudine-resistant HIV -1 strains, since this is one of the most common mutations associated with resistance to zidovudine [38] . The progression of neurologic manifestations in these children, therefore, may have resulted from poorly controlled viral replication by zidovudine. These data may stress the importance of an effective suppression of viral replication within CNS compartment, especially because the neurotoxic factors induced in HIV-1 infection are still unidentified and may be multifactorial. As newer families of antiretroviral agents become available to treat HIV -1-infected persons, detailed studies of CNS penetration combined with the longitudinal monitoring of both immune system and CNS function will help elucidate the neuropathogenesis of HIV -1 disease and may lead to new approaches to treating patients with HIV encephalopathy.
